A new air quality modeling system, the surface meteorology and ozone generation (SMOG) model, is used to investigate the evolution and properties of air pollution in the Los Angeles basin during the southern California air quality study (SCAQS) intensive field program. The SMOG model includes four major components: a meteorological model, a tracer transport code, a chemistry and aerosol microphysics model, and a radiative transfer code. The fidelity of the coupled modeling system is evaluated by comparing model predictions against SCAQS data. Predictions of surface winds and temperatures are found to be in excellent agreement with measurements during daylight hours, when a strong sea breeze and mountain-upslope flows are predominant but are less reliable at night when winds are typically lighter and more variable. Winds aloft, including shear and temporal variations, are also simulated quite well, although the forecasts (which are not constrained through continuous data assimilation) tend to drift from actual conditions as time progresses. Accordingly, the large-scale flow is reinitialized each morning in the simulations. The dispersion patterns of two inert tracers released during the SCAQS period are accurately reproduced by the model. The two releases, one in the early morning hours and one around noon, led to quite different transport rates and distributions owing to the evolution of the sea breeze over the course of the day. Overall, the three-dimensional development of thermally induced winds and their influences on tracer transport in the Los Angeles basin are accurately captured by the model. The predicted surface concentrations of ozone and other key pollutants have been spatially and temporally correlated with measured abundance, and the values agree to within 25-30% for ozone, with somewhat larger mean differences for several other species. In the case of the vertical distribution of ozone, the SMOG simulatiom generate dense oxidant (ozone) layers embedded in the temperature inversion, explaining for the first'time similar features seen during SCAQS. Sources of error and uncertainty in the simulations are identified and discussed. The broad agreement between SMOG model predictions and SCAQS observations suggests that an integrated modeling approach is well suited for representing the coupled effects of mesoscale meteorology, tracer dispersion, and chemical transformations on urban and regional air quality.
generation and accumulation of smog, principally the strong regional-scale temperature inversion, stagnant air, clear skies, and copious sunlight associated with a high-pressure system. The spatial distributions of pollutants over the Los Angeles basin are controlled to a large extent by thermally induced winds embedded in the large-scale airflow over complex local topography [Lu and Turco, 1994, 1995] .
Moreover, meteorological dispersion and chemical transformation interact strongly in determining the abundances of trace species. Accordingly, a modeling system that accounts for all of these processes is needed to simulate the evolution of air pollution in a complex airshed. In this study the SMOG model is applied to the Los Angeles region for a specific period corresponding to the 1987 southem Califomia air quality study (SCAQS). The model is used to predict a wide range of variables that can be compared to data collected in the field during SCAQS.
Several techniques are used to make quantitative and qualitative comparisons between model simulations and observations. Graphical comparisons of predicted fields (e.g., surface winds, ozone concentration maps, and vertical profiles) with measured fields can reveal the overall qualitative fidelity of the model. These comparisons demonstrate the ability to reproduce major structural features and behaviors. To obtain a more quantitative measure of model performance, we have adopted statistical procedures previously deoemed for this purpose [e.g., Keyser In air quality modeling, errors can be introduced from a variety of sources, including parameters and data used in the numerous calculations, and approximations used in representing physical and chemical processes (not to mention possible numerical bugs in the codes; these latter errors have presumably been eliminated by rigorous algorithm testing).
Specifically, errors may arise in the meteorological predictions of winds and boundary layer depths, in the emission rates of the primary pollutants contributing to smog formation, in the simulation of tracer transport, dispersion and deposition, and in the calculation of chemical and microphysical processing rates. Since the influence of trace pollutants on atmospheric dynamics is usually small, the meteorology predictions can be evaluated using observed meteorological data alone. Moreover, winds and turbulence determine the dispersion of inert tracers in the atmosphere, once the sources have been ascertained. Hence inert tracer data collected in controlled injection experiments can be used to verify the coupled meteorological predictions and tracer dispersion simulation. Chemically active tracers and aerosols, on the other hand, are affected by all of the model components. Verification of the distributions of these species must be carried out consistently with the validation of the meteorology and tracer dispersion. For many tracers, the largest uncertainties can be associated with inaccurate estimates of emission rates.
In these instances, the validation process may actually lead to improved emission values. The most difficult variables to check are those for which there is little observational data, or inadequate emission data, or both. Accordingly, a carefully constructed phenomenology based on algorithms tested independently (for example, use of a detailed photochemical mechanism designed using smog chamber measurements) is the most reasonable approach to air quality simulation. The structure of the SMOG model is described at length in 
Southern California Air Quality Study
The southern Califomia air quality study (SCAQS), conducted during the summer and fall of 1987 in Califomia's South Coast Air Basin, is the largest air pollution study carried on in southem Califomia [Lawson, 1990] . SCAQS focused both on summer episodes exhibiting high levels of secondary pollutants such as ozone and fine particulates, and autumnal events with high concentrations of primary pollutants such as CO and NO,,. There were ! 1 intensive sampling days in the summer period, coveting five separate episodes, and 6 days in the fall, coveting three episodes. During the summer events, 36 surface stations reported hourly concentrations of 03, NO, NO,,, CO, and SO2, in addition to 24-hour-averaged measurements of PM10, as well as particulate sulfates and nitrates. Of these surface stations, two sampling locations were heavily instrumented, while nine sites were equipped only with the basic SCAQS aerosol and gas samplers. Surface meteorological data were collected at SCAQS sampling sites and at other locations throughout the basin. Daily upper air soundings were taken at six rawinsonde and two airsonde sites during the summer period. Aircraft provided measurements of 03, NO,,, SO2 in the upper air layers, as well as lidar images of aerosol backscatter intensity. A layout of the SCAQS network and sampling stations is shown in Figure 1 CO/NO,, and 8.8 for NMHC/NO,, (mol C/mol NOx) in the SCAQS summer study were derived from measurements in the early morning (7:00 to 8:00 PST) corresponding to peak commuter traffic while at the same time preceding significant photochemical activity.
The observed CO/NO,, and NMHC/NO,, ratios were about 1.5 and 2-2.5 times greater, respectively, than the corresponding ratios in t_he CARB emission inventory. Assuming that the NO,, emissions in the CARB inventory are reasonably accurate, and that the measured ambient ratios approximately represent those in the actual emissions, the CO and NMHC emissions in the CARB inventory need to be adjusted accordingly. In this study the NMHC/NO,, ratios reported by Fujita et al. [1992] for each morning of the SCAQS project were used to adjust emissions. First, the on-road hot exhaust emissions of organic gases were increased by a factor of 3, and the total CO emission was increased by a factor of 1.6, in accx)rdance with earlier work [e.g., Jacobson et al., 1996a] . Then a third factor was applied to bring the total emissions of organic gases in the regional inventory into agreement with the ratio of 8.8 for NMHC/NO,,. Table 1 gives the adjusted total daily emissions for August 27 and 28. Obviously, this modified inventory is not an exact representation of the actual sources of primary pollutants in the Los Angeles basin, but it is a reasonable first-order approximation. Funtter research is needed to reduce uncertainties in primary emission rates.
Model Simulations for SCAQS

Setup and Initialization
The model computational domain and surface topography are illustrated in Figure 2 . The southern California area of 
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A strong temperature inversion was evident during the entire period. Figure 3 evaluation of the simulations also demonstrate significant skill for predicting key parameters such as surface winds and boundary layer structure. These forecasts can be timher assessed using the tracer transport data, as is done below.
Tracer Transport Analysis
In In the eastern Los Angeles basin, high ozone concentrations were measured in the well-mixed boundary layer during the midday and afternoon flights at Riverside and Cable Airport (Figures 14c and 14d) . However, at the top of the mixed layer, ozone concentrations decreased sharply to about 50 ppbv. The SMOG simulations reproduce this vertical structure quite accurately at Riverside. On the other hand, at Cable Airport, which is located on the steep southern slopes of the San Gabriel mountains, calculated mixed-layer ozone concentrations are roughly 20% lower than the measurements, and the mixed layer depth is overpredicted. These offsetting effects imply that a roughly correct amount of ozone has been predicted in the SMOG simulation, but that the ozone has been diluted in a somewhat larger volume of surface air. By contrast, the UAM model shows a much deeper boundary layer at both sites and little evidence of the lifetime, and its emissions and dispersion have the greatest effects on its distribution. During the day, the concentrations of nitric oxide at most stations were below the concentration cutoff value of 2 pphmv, and statistics were not calculated. Nomnethane hydrocarbon data were only available for three stations in the SCAQS data archive. In daylight hours, the SMOG model overestimated NO by only about 1%, and NMHCs by roughly 18%.
Sources of Uncertainty
The SMOG modeling system has a number of potential sources of error that may lead to discrepancies between predictions and observations. The uncertainties in input data and parameters, and approximations in the model physics, chemistry and numerical schemes, all contribute to the overall error in the predictions. Uncertainties in field measurements can also create inconsistencies. In the present analysis, 2. Approximations in the treatment of physical and chemical processes in the model can introduce additional errors and uncertainty in the results. For example, the effects of boundary layer turbulence are calculated using a hybrid boundary layer model rather than a high-order closure scheme. Clearly, the depth and evolution of the boundary layer are critical factors for accurate pollution forecasting. Organic chemistry is also crudely represented in models using lumped schemes such as the carbon-bond mechanism, involving surrogates and empirical reaction processes. While no complete treatment of organic photochemical kinetics is currently practical for regional modeling, the calibration of lumped mechanisms using smog chamber observations leaves considerable uncertainty unresolved. Assumptions in these, and other, representations of basic processes lead to differences between simulated and real atmospheres.
3. Numerical approximations employed to construct efficient algorithms for solving the complex set of equations describing air pollution can generate further errors. The computational solution for tracer advection, for example, is likely to induce artificial (numerical) diffusion and dispersion. The two-stream radiative transfer approximation provides an efficient approach for detailed calculations but introduces additional uncertainty into the radiation fields. Considering these issues, the present algorithms have been extensively second-order turbulence parameterization, subgrid-scale cloud condensation processes, a detailed treatment of aerosol microphysics, and radiative transfer through clouds and aerosols. It is also important to reduce uncertainties in the emission data and other input parameters to improve the fidelity of air quality simulations in the Los Angeles basin.
Conclusions
The SMOG modeling system couples a meteorological dynamics/physics model, a tracer transport code, a chemistry and aerosol microphysics model, and a radiative transfer code to simulate air pollution in a complex airshed. The present analysis demonstrates the practicality of applying a comprehensive modeling system to study simultaneously and consistently regional meteorology and atmospheric chemistry. The SMOG model is designed to simulate coupled mesoscale and boundary layer dynamics, air pollution photochemistry, and aerosol microphysics and chemistry in a major urban airshed. The modeling system, with further improvements, should be applicable to a variety of air pollution problems in different urban settings worldwide.
